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Abstract 
Square wave adsorptive stripping voltammetry (SWAdSV) of nickel and cobalt at wall-jet electrodes in a continuous flow system has been 
evaluated. Characteristics and advantages relative to differential pulse adsorptive stripping voltammetry (DPAdSV) in continuous flow 
systems are explored. Under optimized experimental conditions, sensitivity is approximately a factor of ten higher than DPAdSV, and one- 
nanomolar detection limits are achieved. Solution deoxygenation is unnecessary and sample throughput is increased. 
Keywords: Adsorptive stripping voltammetry, Wall-jet electrode, Square wave voltammetry, Nickel, Cobalt, Trace metals 
1. Introduction 
Cobalt and nickel belong to the class of elements considered 
essential for man, animals and plants [l]. Cobalt is a component 
of Vitamin B12 and nickel is necessary for a number of 
metabolic processes. Variations in the small quantities necessary 
in the normal physiological state can cause toxicity or deficiency 
problems. There is thus a clear need for the determination of 
trace, i.e., ppb and sub-ppb, levels of these elements. Using 
electroanalytical procedures, the necessary preconcentration of 
the elements in the analyte can be performed in situ which is not 
possible with other analytical techniques such as atomic 
absorption spectroscopy. The development of continuous-flow 
electrochemical preconcentration methods has become an 
important area of research [2], and in combination with 
preconcentration makes on-line monitoring possible. 
The electroanalysis of traces of cobalt and nickel ions can be 
carried out by anodic stripping voltammetry (ASV) or 
adsorptive stripping voltammetry (AdSV). ASV procedures 
are affected by slow kinetics in the reoxidation (determination) 
step. To overcome this problem a ligand such as thiocyanate is 
added to the solution to increase the rate of the electrooxidation 
reaction and detection limits of 5 x lo-' M can then be attained 
[3]. Adsorptive stripping voltammetry [4] is superior from an 
analytical point of view, particularly regarding the attainment of 
lower detection limits. It involves the nonelectrolytic precon- 
centration by accumulation of the Ni" and CO" species-specific 
oxime complexes in the + 2  oxidation state on the surface of 
a mercury electrode. In the determination step a negative 
potential scan leads to reduction to the zero oxidation state, the 
metal then dissolving in the mercury [5 ] .  
Initial studies were carried out at hanging mercury drop 
electrodes in ammonia buffer containing the dimethylglyoxime 
ligand using a differential pulse scan in the determination step 
(DPAdSV) [5,6]. More recent studies at this type of electrode 
have used other oxime ligands such as nioxime (1,2-cyclohex- 
anedione dioxime) [7]; square wave voltammetry has also been 
investigated [8]. 
Instead of a hanging mercury drop electrode, a mercury thin- 
film electrode may be employed. Recently the determination of 
cobalt and nickel at a rotating disk mercury thin film electrode 
[9] and in continuous flow at a wall-jet mercury thin-film 
electrode [lo] were demonstrated. In the wall-jet research [lo], 
the optimum experimental conditions for DPAdSV used 
nioxime ligand in HEPES biological buffer with sodium 
perchlorate electrolyte as carrier solution. Preconcentration 
was done at -0.7V (vs. Ag/AgCI, 0.1 M KCl) and the 
determination step involved reduction through a differential 
pulse negative-going scan to - 1.3 V. In this way concentrations 
down to 1 nM (ca. 0.06 pg L-') could be measured. 
The objective of this work was the development of a square 
wave (SW) AdSV procedure for wall-jet electrodes in contin- 
uous flow systems. General advantages of square wave 
voltammetry [I 11 are its rapidity and good discrimination 
against background currents and interfences, including dis- 
solved oxygen [12]. Thus, after optimization of the experimental 
procedure and square wave parameters, the relative merits of 
square wave AdSV were examined with respect to differential 
pulse AdSV, particularly regarding the removal of oxygen, 
sample throughput, sensitivity and detection limit. 
2. Experimental 
All experiments were done using a computer-controlled 
PSTATlO Autolab potentiostat (Eco-Chemie, Utrecht, Nether- 
lands). A wall-jet cell (Oxford Electrodes) contained a glassy 
carbon working electrode of diameter 3.0 mm. The nozzle- 
electrode separation was maintained at 3.0 mm in all experi- 
ments and the nozzle diameter was 0.345mm. A platinum tube 
counter electrode was placed in the cell exit and the Ag/AgCl 
(3.0 M KC1) reference electrode was in a separate compartment 
separated from the main body of the cell by a porous glass frit. 
The glassy carbon working electrode was polished prior to 
mercury film formation with diamond spray (Kemet Interna- 
tional Ltd.) down to l pm particle size on a polishing cloth. 
The continuous flow system consisted of a Gilson Miniplus 3- 
way peristaltic pump (flow rate regulated between 0.035 and 
0.045 cm3 s-'), pulse dampers, and a two-way valve for switch- 
ing between the solution employed for forming the mercury film 
on the glassy carbon substrate and the analyte solution. 
All reagents were of analytical grade. Nioxime (1,2-cyclohex- 
anedione dioxime) was obtained from Aldrich and HEPES 
(hemisodium salt of N-[2-hydroxyethyl]piperazine-N'-[2-etha- 
nesulfonic acid]), pK, 7.4, from Sigma Chemical Co. All 
solutions were made with Millipore Milli-Q ultrapure water, 
resistivity > 18 MR cm. Microliter volumes of stock solutions of 
Co and Ni (10-3M) were added to electrolyte solution using 
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Gilson micropipettes immediately before analysis and after 
appropriate dilution. The supporting electrolyte was 30 mM 
HEPES in 0.1 M sodium perchlorate. All experiments were 
conducted at  room temperature (22-23 "C). 
The mercury thin film was formed prior to determination of 
cobalt or nickel by electrodeposition at  - 1 .0 V (vs. Ag/AgCI) 
for 300s under continuous flow conditions from a solution 
containing M Hg'.' either in 0.1 M KN03 + 5mM HN03 
or in 30mM HEPES + 0.1 M NaC104 supporting electrolyte. 
Equally good, reproducible results were obtained from mercury 
films formed in both media. 
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Fig. I .  Typical square wave AdSV results at wall-jet mercury thin-film 
electrode in 30 mM HEPESKI.1 M NaCIOj electrolyte for a) 
Ni" (1.00 x lo-* inoldm--'); b) Co" (1.00 x 10~Xinoldm-3) ;  c) Ni'+ 
and Co2+ (both 1.00 x 1 0 ~ - X m o l d m ~ 3 ) .  Flow rate, V f  = 0.035cm3s-'. 
Conditions: f = 40 Hz; 11 = 30 mV and tadb = 60 s .  
3. Results and Discussion 
Typical square wave voltammograms for the adsorptive 
stripping voltammetry of nickel and cobalt are shown in 
Figure 1. Adsorption on the mercury thin film electrode surface 
was carried out at -0.7 V (vs. Ag/AgCI) [8] and the square wave 
scan done in a negative direction from -0.7 V to - 1.2 V in order 
10 reduce the adsorbed metal ion-nioxime complex to the metal. 
It  can be seen that the cobalt signal is larger than that of nickel. 
This will be further discussed below. 
Peak potentials in Figure 1 are -0.925V for nickel and 
- 1.005 V for cobalt, under the experimental conditions speci- 
fied, independent of whether the two ions are analyzed 
separately or in a mixture. The values obtained differ from 
those found previously with DPAdSV at the wall-jet electrode 
[S] (--0.94V and -1.01 V, respectively) for two reasons: mainly 
because the peak potential varies with square wave frequency 
and with square wave ainplitude and secondly because a 
difl'erent concentration of potassium chloride was used in the 
reference electrode compartment (3 M vs. 0.1 M). 
The asymmetric form of the peaks obtained in the determina- 
tion step is evident in Figure I .  In anodic stripping voltammetry 
with convective flow this is due to hydrodynamic effects, since 
the metal ion product of the electrode reaction in the 
determination step is swept away from the region close to the 
surface of the wall-jet electrode into the bulk solution [13]. 
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Fig. 2. Effect of flow rate on  peak current, I , ,  for SWAdSV of Co" (1 .00 x lo-' mol d W 3 ) ;  square wave frequency 100 Hz. Other conditions as in 
Figure 1. 
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However, in adsorptive stripping voltammetry flow effects in the 
determination step are minimal since the reagent is adsorbed on 
the mercury surface and the product of the reduction reaction 
dissolves in the mercury film. The asymmetry of the AdSV 
current peak has been observed experimentally by others and 
modeled theoretically for the irreversible square wave voltam- 
metry of adsorbed reactants [14,1S]. Peak half-widths are 32mV 
for nickel and 49mV for cobalt which, a t  first sight, suggests 
slower reduction kinetics for cobalt. Nevertheless, it should be 
recalled that there is a catalytic effect in this case, probably 
involving recycling between Co’ and CO” [16], which could 
lead to larger values of peak width. 
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3.1. Solution Flow Rate 
The effect of solution flow rate, Vf, is demonstrated in Figure 
2 for cobalt. A linear variation of peak current, tp, with Vf3’4 as 
predicted from the limiting current equation for the wall-jet 
electrode [ 171, valid during adsorption accumulation, is 
found for flow rates up to around 0.035cm3 s-’  
( V:’4 = 0.081) and which therefore represents maximum 
sensitivity. At higher flow rates the response does not increase 
with increasing flow rate. Previous work involving other 
techniques with wall-jet electrode cells of exactly the same 
geometry has shown no limitation of this kind at  flow rates 
above 0.03Scm3s-’ [18], so that such behavior is not due to  
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Fig. 3. a) Dependence ofpeak potential, E,,, on square wave frequency for SWAdSV of cobalt (0) andnickel(A) ions. [Ni2’] = [Co2’] = 6.0 x lo-’ M.  
b) Effect of square wave frequency of SWAdSV peak current for Co. [Co2+]: 0 6.00 x 10-9moldm~3, 0 1.00 x IO-*m~ldm-~ .  Other conditions 
as Figure 1. 
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defective cell design. A possible explanation lies in the fact that 
the high convection reduces the diffusion layer thickness to such 
an extent that the necessary adsorption/desorption equilibrium 
is unable to occur under natural conditions during the 
accumulation step. A flow rate of 0.035 cm3 s-' was chosen for 
all subsequent experiments. 
3.2. Square Wave Parameters 
In optimizing the conditions for the SWAdSV experiment, 
particular attention was paid to the influence of square wave 
parameters. Figure 3 shows the dependence on square wave 
frequency, ,f, of peak potential, Ep,  and peak current, Ip. 
Examination of Figures 3a, b shows some similar variations. 
The negative variation of peak potential with increasing 
frequency becomes less for frequencies abiove 40 Hz as does 
the variation of peak current. The reasons can be traced to 
electrode kinetic effects during the negative-going square wave 
scan at the higher frequencies, also reflected in increasing values 
of the peak width at half-height. These results are identical for 
the ions separately and in mixtures. The approximate 
relationship 
E,, = constant + ( R T / C ~ F )  In(ko/2f) (1) 
where ko is the standard rate constant and all other symbols 
have their usual meaning was suggested in [14]. However, 
although a plot of E,, vs. In J' only leads to reasonably good 
straight lines, the line of best fit permits the: calculation of (an) 
for the case of nickel (which does not follow a catalytic 
mechanism) and gives to a value of ca. 1.7 which is in reasonable 
agreement with that calculated from the approximate expression 
for half-width [14] 
W,,, = (63.5 f 0.5)lcun (2) 
valid for sufficiently high square wave amplitudes. Such a value 
clearly suggests that the second electroin transfer is rate- 
determining. 
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Concerning square wave amplitude, within the range tested 
up to 50mV, the peak potential varies linearly with this 
parameter as does the peak current, the former becoming 
more positive by about 20mV for each l0mV increase in 
amplitude. As occurs for the variation with square wave 
frequency, separation between the nickel and cobalt peak 
potentials remains constant. Nevertheless, in order to avoid 
complications from effects of electrode kinetics, it is not prudent 
to employ very large square wave amplitudes. Thus, values of a 
square wave amplitude of 30mV and a square wave frequency 
of l00Hz were chosen in order to maximize sensitivity. 
3.3. Adsorption Time 
As in other adsorptive stripping voltammetric procedures, the 
increase of adsorption time leads to attainment of a maximum 
response, due to equilibrium saturation of the electrode surface 
for that analyte concentration in solution (Fig. 4). The 
accumulation time for which the response levels off is 
approximately the same as that obtained in the equivalent 
differential pulse experiment at the wall-jet electrode [lo]. For 
this reason, the adsorption time chosen for calibration plots was 
60 s which is still in the linear part of the plots, and therefore not 
subject to saturation effects. 
3.4. Calibration Plots 
Calibration plots were constructed for nickel and cobalt ions 
separately and in solutions containing the ions as a mixture. The 
enhancement factor for cobalt relative to nickel when analyzing 
metals separately and in the mixture is 1.8. This enhancement 
factor is due to catalytic effects and has been the object of 
investigation as indicated above [ 161. Relevant parameters from 
the plots for the ions analyzed separately and in the mixture, 
under optimum conditions, are: nickel 0.63 pA/nM and 
0.76 pA/nM, respectively, cobalt 1.27 pA/nM and 1.35 pA/ 
nM, respectively. Intercepts are close to zero and regression 
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Fig. 4. Effect of adsorption time atf  = 100Hz on peak current for: Ni2+ (1.00 x 
conditions as Figure 1. 
~ n o l d m - ~ )  (A) and Co2+ (8.00 x 10-9moldm-3) (0). Other 
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coefficients are 99.5% or better in all cases. The higher values in 
the mixture are due to slight overlapping of the peaks. Practical 
detection limits are 1 nM, from signal-to-noise ratio a detection 
limit of 5 x lo-'' M being predicted in the absence of special 
precautions to eliminate noise. Above metal ion concentrations 
of lo-' M saturation effects become problematic and the 
calibration plots are no longer linear. The slightly higher 
sensitivity in solutions containing both ions can be traced to the 
overlapping of the signals; however, reproducibility is not 
affected. 
3.5. Comparison with Differential Pulse AdSV 
The slopes of the calibration plots can be compared with 
those obtained in differential pulse AdSV of nickel and cobalt at 
the wall-jet electrode, which were 0.08 pA/nM and 0.17 pA/nM 
[lo]. Square wave voltammetry results in a sensitivity enhance- 
ment by a factor of approximately ten. This is, however, not 
reflected in a lower practical detection limit, which is probably 
influenced mainly by slight irreproducibilities in the mercury 
film and to contamination effects. Other important benefits of 
square wave voltammetry are that deoxygenation of the analyte 
solution is not necessary and that the duration of the 
determination step is of the order of seconds rather than one 
to two minutes. 
4. Conclusions 
This work has shown the advantages of performing square 
wave adsorptive stripping voltammetry in continuous flow at a 
wall-jet mercury thin film electrode using the examples of nickel 
and cobalt. Advantages are to be gained relative to using 
differential pulse voltammetry in the determination step, 
through suppression of the necessity of deoxygenation of the 
sample solution and the faster determination step using square 
wave voltammetry. As a technique that can be used directly for 
on-line monitoring, it complements adsorptive stripping vol- 
tammetry by batch injection analysis [ 191, which permits the 
determination of small (5 100 pL) discrete analyte samples. 
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